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Search for












p data collected with the ZEUS detector at HERA
during 1993, 1994 and 1995, we have searched for heavy right-handed electron neutrinos with
a mass of O(100 GeV ) produced via t-channel exchange of a right-handedW boson,W
R
. We
have assumed that the neutrino decays into an electron and aW
R
, which decays into two jets.
No signal for a heavy neutrino production has been observed above the expected background
from neutral current deep inelastic scattering. Limits on the right-handed coupling have been
















One of the most intriguing questions about
the Standard Model is why it is not left-right
symmetric. More specically: why have we
not observed right-handed gauge bosons (W
R
)
and/or right-handed neutrinos (N)? An an-
swer often given to this question is that such
a W
R














, but where right-handed
forces are suppressed because the right-handed









A right-handed gauge boson W
R
can be in-
corporated into the standard model by extend-













The right-handed heavy neutrino N
e
is the
partner of the electron in the right-handed
isospin doublet which couples to W
R
.
For the left-right symmetric gauge structure
(1), the electromagnetic coupling is given in

























are the coupling constants





. As in the standard model, the







is the weak mixing angle. The cou-
pling constant g
0
is associated with the U(1)
0
generator.







is the coupling constant
of U(1)
Y
. For the left-right symmetric group





















, it will either nd a sig-
nal, or rule out the left-right symmetric gauge















Figure 1: Diagram for the production mecha-









ers were sensitive to either rather light neutri-
nos with a mass M
N
e
< 15 GeV [2] or to mas-
sive W
R




< 162 GeV [3]. Other searches at pp col-
liders look for leptonic decays of a W
R
, which






, or if there is a
non-zero mixing between the light left-handed
neutrinos and the heavy right-handed neutri-




colliders are still far from
being sensitive to W
R
masses as large as 100
GeV, where the sensitivity at pp colliders starts
[3].







dierence, on searches for neutrinoless double
beta decay, and on decays of B and D also
provide constraints to the mass of a W
R
, but
these limits all depend on assumptions about




dition, there is a dependence on the mass of
the Higgs boson, as well as on its other prop-







mass dierence, vanishes if V
R
CKM
is equal to the unity matrix [4, 5].
In summary, we nd that the part of param-













is still largely unexplored. This analysis in-
vestigates the interesting region of parameter
space where the heavy neutrino has a mass of
1
the order of that of the left-handed W and Z
bosons or the t quark. The Feynman diagram
in gure 1 shows the production mechanism for
such a heavy neutrino at HERA. A detailed
description of a previous ZEUS search on data
from 1993 and 1994 can be found in reference
[6].
2 The ZEUS Detector and
Monte Carlo Simulation
The ZEUS detector is described in detail else-
where [7, 8]. The components of the ZEUS de-
tector used primarily for this analysis are the
compensating uranium scintillator calorime-
ter (CAL) [10], the central tracking detector
(CTD) [11], and the luminosity detector.
A heavy neutrino event generator, MAJOR
1.5, written by J.Rathsman and G.Ingelman
[12] was used to generate Monte Carlo











+20, . . . , 180 GeV. This generator is inter-
faced with LEPTO 6.4 [13], using the MRSA
proton parton distribution functions [14] from
PDFLIB, and JETSET 7.4 [15] for parton
showers and hadronisation. Radiative correc-
tions are not taken into account for the signal
Monte Carlo.
The expected background in this search is
dominated by neutral current deep inelastic
scattering (NC DIS) events. This was simu-
lated using LEPTO interfaced to HERACLES
[16] via DJANGO [17]. The hadronic nal
state was simulated using the colour-dipole
model as implemented in ARIADNE [18] for
the QCD cascade and JETSET for the hadro-
nisation. In addition, MC samples were gener-
ated using the MEPS option of LEPTO instead
of ARIADNE.
All simulated events are passed through a
GEANT [19] based detector simulation and
processed with the same analysis programs as
the data.
Preselection
cut NC DIS MAJOR
vertex 92.5% 97.1%
good track 86.7% 95.2%
E
T
> 20 GeV 81.8% 95.2%
electron found 80.7% 90.7%
electron track 79.0% 86.4%
E
150
< 5 GeV 75.1% 82.7%
E   p
Z
> 40 GeV 69.0% 82.0%








 2 good jets 2.3% 34.6%
Table 1: The Monte Carlo eciencies of the
cuts dening the search sample. The NC DIS
Monte Carlo sample was generated using ARI-






. The numbers given for the MAJOR
Monte Carlo are the average over samples








+10, +20, +40, . . . ,180 GeV. The nal
cut asks for at least two `good' jets with pseu-
dorapidity  < 2 and energy greater than 10
GeV.
3 Data Selection
During 1993, 1994 and 1995, HERA provided
collisions between electrons
1
and protons at a
centre-of-mass energy of about 300 GeV. This










Data were collected with a three-level trig-
ger, followed by a oine ltering of the data.
A preselected data sample was obtained as fol-
lows. The calorimeter timing and a recon-
structed vertex were required to be compatible












, had to be at
1
The word `electron' will be used generically for
electrons or positrons.
2
The ZEUS coordinate system is right-handed with
the Z axis pointing in the proton direction, hereafter
referred to as forward, and theX axis horizontal, point-


































p ZEUS data (points) compared to the NC
DIS Monte Carlo sample (histogram). A good
jet has an energy E >10 GeV and a pseudo-
rapidity  < 2. The Monte Carlo histograms
have been normalised to the luminosity of the
experimental data.





and polar angle of the i
th
calorimeter cell. The
energy within a 30

cone centred on the elec-
tron beam direction (E
150
) had to be less than
5 GeV. An electron candidate had to be found











required to be larger than 40 GeV in order to
enforce longitudinal containment of the events.
For contained events one expects E   p
Z
to
be approximately two times the electron beam
energy (55 GeV).
Further stringent requirements on the isola-
tion of the electron candidate in the calorime-
ter and the match with a track serve to elimi-
nate the remaining background from fake elec-
trons in photoproduction events.
Table 1 summarises the fractions of sig-
nal and NC DIS Monte Carlo events passing
the various preselection cuts. To reduce the
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Figure 3: Examples of the reconstructed mass






is an estimator for the nega-
tive squared four-momentum transfer between

















are the energy and polar angle of the
detected nal state electron. At this stage 2069






Finally, we demanded at least two `good
jets', reconstructed from the calorimeter infor-
mation, where a `good jet' was dened to have
an energy E >10 GeV, and a pseudorapidity
3
 < 2. A cone algorithm was used, with the
;  cone radius set to 0.7. Figure 2 shows a
comparison of the distribution of the number
of good jets for the ZEUS data and the NC





p events are left in the ZEUS data. Of





had three `good jets', while none had four.
3









































Heavy neutrino events will in general have a
high-p
T
electron and two or more jets. The jet
from the scattered quark tends to be at small
polar angles, and in general it does not pass the
requirement that  < 2. The proton remnant
hardly ever produces jets with  < 2. The
signal of the W
R
can be observed as a peak
in the 2-jet invariant mass distribution, while
the heavy neutrino can be observed as a peak
in the invariant mass of the electron and two
jets.
The energy of the reconstructed jets is cor-
rected in two stages. First an overall scale fac-
tor is applied, based on a study of the recon-
structed p
T
of the hadronic part of the event
in neutral current DIS Monte Carlo events, as
compared to the true p
T
of the electron as gen-
erated by the Monte Carlo program. This step
corrects the jet energies for the average energy
loss due to inactive material, undetected par-
ticles, low energy particles that curl up in the
magnetic eld, etc. This correction increases
the jet energies by 12%.
Using the data from the MAJOR Monte
Carlo program, a second correction was deter-
mined from a comparison of the energy of jets,
and that of the generated quarks from the W
R
decay. This corrected, on average, for the ef-
fects of fragmentation and jet nding. Since
this last correction depends on the jet ener-
gies and also on other properties of the event,








tion further increased the jet energies by 10{
20%.
The Monte Carlo studies show that after







to within 5% on
average, and with a resolution of roughly 10%.
Figure 3 shows examples of the reconstructed
mass distributions for two-jet events, and g-
ure 4 shows the dependence of the mass reso-
lution on the values of the masses themselves.
5 Heavy Neutrino Search
Analysis





in the preselected sample was investigated
for the possible presence of an excess above
the number of events expected from NC DIS
events, as estimated from the Monte Carlo.












p data as well as in the NC DIS Monte Carlo
sample.
A grid of points was considered, spaced at







each dening the centre of a search area. In
each search area, the number of candidates was






within a distance of 2:5  from the
centre. In events with more than two good
jets, all possible combinations of two jets were
taken into account with equal weight.
To search for an excess, the numbers of
events found in each such search area were
compared with the number expected from the
NC DIS Monte Carlo. An excess of events
4
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Figure 5: Scatter plot showing the reconstructed `m
N
' (electron plus two-jet invariant mass)
versus the reconstructed `m
W
' (two-jet mass). Shown are the ZEUS data as well as the NC
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Figure 6: Contours of constant detection e-






was found in the e
 







 80 GeV, including all three en-
tries from the one three-jet event (see gure
5). The signicance of such an excess was es-
timated by randomly choosing event samples
of the same size from the larger sample of se-
lected NC DIS Monte Carlo events. It turned
out that a comparable excess would occur in
about 6% of measurements with the present
statistics. A comparable excess in the same




In absence of a signicant excess we have set
limits on the cross section for the production
of heavy neutrinos. The MAJOR Monte Carlo
was used to estimate the detection eciency
for heavy neutrino events with masses corre-







. Figure 6 shows the contour
plot of the eciency to nd the signal events





masses, after the preselec-
tion cuts and the mass reconstruction. Note




, where the two jets from the W
R
decay
are boosted strongly, and will often be to near
to each other to be resolved as separate jets by
the cone algorithm.
The numbers of detected events and the ex-
pected numbers of events as estimated from
the NC DIS Monte Carlo were used to set up-
per limits on the numbers of events originating
from heavy neutrino production. The 95% con-
dence level limit on these numbers of events
were translated into cross section limits using
the detection eciencies and the luminosities.
Since the cross section for the production of







it is appropriate to express the result in terms

















. The area left of the contours is ex-
cluded by this search.
6 Conclusions
The data collected by ZEUS in 1993, 1994 and
1995 was used to search for the production of
heavy right-handed electron neutrinos, N
e
, de-
caying into an electron and a right-handed W
boson, W
R
, which decays into two jets. No
signicant signal was observed and limits have















40 GeV and M
N
e
 60 GeV, the sensitivity














, the search is
sensitive toW
R





masses near to that of the top quark.
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